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Abstract

This study describes the synthesis and molecular mobility of both partially deuterated and fully
protonated ethyl polyhedral oligomeric silsesquioxane (POSS) crystals. Phase transitions were identified
with differential scanning calorimetry at ~258 K and ~253 K for partially deuterated and fully protonated
ethyl POSS, respectively. A change in entropy of ~ 20. 8 K was observed for both transitions. The
crystallographic phase transitions were identified as a high temperature rhombohedral unit cell with a
contraction in volume and symmetry described by a low temperature triclinic unit cell past the transition
temperature. Abrupt changes in the spin lattice relaxation and linewidth were detected with solid state
proton nuclear magnetic resonance (NMR) spectroscopy, at the same temperatures detected with
calorimetry. This NMR behavior suggests a transition in molecular motions of both ethyl derivatives. For
deuterated ethyl POSS, the motions become increasingly anisotropic after the temperature is lowered past
its transition point. Both derivatives exhibit an increase in the correlation time (~30 + 2 ns to ~530
15 ns ) and activation energy (~16 £ 2 kJ/mol to ~ 20 + 2 kJ/mol ) for molecular tumbling at temperatures

past their respective transitions.

Introduction

Polyhedral oligomeric silsesquioxane (POSS) is a fused cage of cyclic siloxanes used as a
nanofiller in composite research.”'® Synthetic work has strived to functionalize the substituents on POSS
molecules in order to increase its compatibility with an organic polymer matrix.''*> However, both free
POSS molecules and POSS tethered to polymer chains form localized crystalline POSS domains in the
polymer matrix."""" As a step toward decoupling the molecular motions of the polymer from that of the

POSS, solely the molecular motions of POSS crystallites were the focus of this work.
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The POSS molecule has two principle modes of rotation which includes: the rotation of the
individual organic substituents edge of the cage and tumbling of the POSS cage about an axis of symmetry.
In particular, rapid molecular tumbling on a three dimensional lattice is termed plastic crystalline behavior.
Plastic crystals exhibit rapid molecular reorientation at high temperatures which slows to a rigid limit when
cooled below a transition temperature, resulting in a small reduction in entropy (3-20 kJ/mol).'* Three-
dimensional crystallographic reordering, using x-ray diffraction (XRD) and differential scanning
calorimetry (DSC) can often be linked to changes in the molecular motions monitored by nuclear magnetic
resonance (NMR). All three techniques have been employed to fully characterize the crystallographic,
energetic and molecular motions of the plastic crystalline adamantine.”® Nordman and Schmitkon found
adamantane went through a crystallographic phase transformation at 209 K between a high temperature
cubic phase and the low temperature tetragonal phase. Furthermore, the cubic a-axis was found to have
rotated 9° with respect to the c-axis of the low temperature tetragonal phase.” Calorimetry performed by
Chaung and Westrum confirmed a first order phase transition at 209 K with a change in entropy of 3.4
kJ/mol.* Finally, spectroscopists, Resing® and McCall, et. al..® characterized the molecular motions of
these phases and found adamantane molecules underwent isotropic reorientations around the Cg axis at
room temperature. The transition to hindered molecular rotation is marked by discontinuities at 209 K in
the solid state proton spin lattice relaxation time constant and spectral linewidths.>® In addition, cubane is
another plastic crystal which has been fully characterized by a number of researchers using these same
techniques.™ Cubane is polymorphic and characterized by two high temperature phase transitions at:
345K and 408K. Due to the similarity in the molecular architecture of cubane and POSS, it may be of
interest to monitor POSS molecules as a function of temperature.

Previous work by Larsson and coworkers, has used x-ray diffraction to monitor crystallographic
phase transitions in crystals of POSS containing various fully protonated organic substituents.'* Larsson
notes a crystallographic phase transition of n-propyl POSS at 272 K from a close pack hexagonal unit cell
in the high temperature phase to triclinic unit cell in the low temperature phase. Other substituents
including methyl, ethyl, i-propyl, and n-butyl were also studied using the Klofer method; however, no

transition was observed for these derivatives, down to the lowest experimentally accessible temperature of




243 K.." Differential scanning calorimetry by Kopesky, et. al. identified a transition at 330 K for i-butyl
functionalized POSS;'® however, no detailed energetic information about the phase transitions of POSS
molecules has been reported. There has been no solid-state nuclear magnetic resonance spectroscopy
reported on the characteristic molecular motions of these phase transitions.

In the interest of characterizing the molecular motions as a function of temperature in POSS
crystallites, this paper will describe calorimetry and various solid-state NMR experiments on crystals of
ethyl substituted POSS. Despite Larsson’s conclusions, we have identified a phase transition in fully
protonated ethyl POSS (253 K) suggesting there may be a limit to the sensitivity of the Klofer method
when the temperature is only dropped a few degrees below the transition point. Furthermore, ethyl
substituted POSS was chosen for this study because it could be isotopically labeled from a commercially
available vinyl derivative (Figure 1). A comparison between fully protonated and partially deuterated ethyl
POSS illustrates how changes in chemical labeling change transition properties. In addition, deuterium
NMR was used to analyze the partially deuterated derivative and provided a sensitive measure of the
change in symmetry of molecular motions occurring during the phase transitions. These NMR results were
confirmed with differential scanning calorimetry and x-ray crystallography.

Experimental

Synthesis of Octaethylsilsesquioxane, (CH;CH,)s(SisO;;). In a glass-lined 200 mL PARR pressure reactor,
10.0 grams (15.8 mmole) of octavinylsilsesquioxane, (CH,=CH)g(SigO;;), was dissolved in 60 mL of dry
toluene. After adding 50 mg of 10 % palladium on carbon heterogenous catalyst, the reaction vessel was
sealed, pressurized to 500 psi with 99.99% hydrogen gas, heated to 70 °C and stirred for 16 hours. The

hydrogenated product was isolated by filtering the solution through celite, reducing the solvent volume and

cooling the solution to -20 °C to induce crystallization. Three crops of crystals were obtained in this way,

then combined together and sublimed at 150 °C under dynamic vacuum (10 torr) to give 9.10 grams of

product (14.0 mmole, 89 % yield). A single product is evidenced by 'H, *C and *’Si NMR spectroscopy.
"H NMR (relative to internal CHC; at 7.26 ppm): 1.00 ppm (CHa, triplet, *J;; = 8.0 Hz), 0.61 ppm (CH,,
quartet, Ji.y = 8.0 Hz). *C NMR (relative to internal CDCl; at 77.0 ppm): 6.51 ppm (CH3), 4.08 ppm
(CH,, ¥Si satellites 'Jg;.c = 109 Hz). **Si NMR (relative to external SiMe, at 0.0 ppm): -65.5 ppm (°C

satellites 'Jg.c = 109 Hz).



Synthesis of deuterated-Octaethylsilsesquioxane. The same hydrogenation procedure was followed except
that 98% deuterium gas was used instead of hydrogen. 10 grams of octavinylsilsesquioxane was converted
into 9.3 grams of partially deuterated octaethylsilsesquioxane. The product is a complex mixture of not just
(CH,DCHD),(SigO1,), but contains numerous products arising from catalyst induced scrambling of the
deuterium. The 'H NMR spectrum shows an integral ratio of the methyl group to the methylene group of
1.14:1.00; the idealized product with the addition of one deuterium to each carbon would have an expected
ratio of 2:1.  In the "*C spectrum, peaks corresponding to CH;CH,Si groups are easily identified, and a
DEPT 135 sequence “C NMR spectrum demonstrates that the methyl groups can be CHs, CH,D or CHD,
and the methylene groups can be CH, or CHD. Evidence for perdeuterated methyl or methylene groups
was not observed. 'H NMR (relative to internal CHCl; at 7.26 ppm): 0.98 ppm (methyl, broad multiplet),
0.60 ppm (methylene, broad multiplet). *C NMR (relative to internal CDCl; at 77.0 ppm): 6.52, 6.42,
6.34, 6.24, 6.15, 6.05, 5.95, 5.87, 5.77, 5.67, 5.58, 5.48, 5.39, 5.20 ppm (d,-CHj3), 4.08, 3.98, 3.87, 3.80,
3.77,3.72,3.62, 3.52, 3.44, 3.34, 3.23 ppm (d,-CH,,). »Si NMR (relative to external SiMe, at 0.0 ppm): -
65.4 ppm (broad multiplet).

As identified in the sysnthesis procedure, the 3:2 ratio for the methyl to the methylene resonances,
from the solution 'H NMR, indicated the desired fully protonated ethyl derivative was synthesized. For this
reason, this product will be referred to as fully protonated ethyl POSS. Unfortunately, the deuteration of
the ethyl POSS resulted in a complicated mixture of products (Figure 1). The desired deuterated ethyl
product had an expected ratio of 2:1 for the methyl to methylene from solution 'H NMR resonances.
However, the ratio for the synthesized product was 1.14:1. The palladium catalyst has been know to create

C-H activation'®"’

and the deuterium gas was more than 98% pure suggesting more that on average each
ethyl substituent had more than three deuterium isotopes. Despite this scrambling of isotopic products, the
deuterated ethyl POSS product contained residual protons from the vinyl precursor allowing for a direct
comparison of the two POSS derivatives using solid-state '"H NMR. Therefore, the deuterated product will
be referred to as partially deuterated POSS.

Single Crystal X-ray Anaylsis

Single crystal x-ray anaylsis was performed by XRD services using a single crystal of partially

deuterated POSS slowly crystallized from a saturated solution of THF, the crystal had dimensions of 0.50 x



0.40 x 0.35 mm?3. Measurements were made on a SMART APEX x-ray generator with Mo Ka radiation
and an Oxford Cryosystems 700 temperature controller. Data was analyzed using SHELX-97 software and
a full matrix least squares fit on F2. Goodness of fit on F* for both temperature data sets was 0.98 and 0.95
for the 290 and 110 K data, respectively. The R1 and wR2 values for all data points were 0.08 and 0.16 for
the 290 K and 0.07 and 0.132 for the 110 K data sets, respectively. Full details of the crystallographic

phases including bond angles, lengths and coordinates are available in other references.”’

Differential Scanning Calorimetry

Dynamic scanning calorimetry (DSC) was performed on a Q1000 TA instrument. Each sample was run in
an aluminum pan with a step scan of two loops between 183 K and 273 K. The ramp rate was 5 K/minute.
Data was analyzed using Universal Analysis software.

NMR Spectroscopy

Deuterium solid state NMR spectra were taken with a Wang 7 T magnet (with a 45 MHz “H
resonance frequency) using a Tecmag single resonance pulse generator and receiver. Static deuterium (*H)
experiments were performed on a home built probe with a 2.5 us n/2 pulse width. Deuterium spectra were
acquired with a solid echo sequence (n/2-t-1/2-Acq) and a fixed delay time (1) of 21 ps.

Proton solid state NMR spectra were taken with an Oxford 6.3 T magnet (with a 270 MHz 'H
resonance frequency) using a Tecmag dual resonance pulse generator and receiver. Static proton (‘H)
experiments were performed on a home built probe with a 2us 7/2 pulse width. Proton spectra were
acquired with a 10 ps dwell time and a 5 s recycle delay.

Simulations of line shapes for the static proton spectra were performed with a single peak using
GRAMS® software. Simulated peaks were Gaussian with the full width half mass (FWHM) line widths
extracted from the simulation.

Spin-lattice relaxations for the proton experiments were measured using an inversion recovery
sequence (m-T -1/2-Acq). A single least square exponential was fit to the peak intensity (M) versus delay
time (t), resulting in a two parameter fit yielding: the equilibrium peak intensity (M,) and the spin-lattice
relaxation time constant (T;) (Eq 1).'

Eq 1: M(t)=My(1-2exp(-t'T)))



This single exponential was used for the POSS data with an R? value of > 0.99.

From the plot of InT; versus the inverse of temperature, the activation energies were calculated
from the slope of the line (Eq 2) multiplied by the molar gas constant.' The slopes were taken from the
most linear region of the data which created an R* value > 0.98.

Eq 2: InT,=-Ea/(RT)
Results and Discussion

L Differential Scanning Calorimetry (DSC)
The cooling and heating curves for both partially deuterated (2a) and fully protonated ethyl (2b)

POSS are presented in Figure 2. For partially deuterated ethyl POSS, an endotherm and exotherm occur at
257 £2 K and 251 + 2 K, respectively. For fully protonated ethyl POSS, the endotherm and exotherm
occur at 254 + 2 K and 247 + 2 K, respectively. From the DSC scans, the change in enthalpy of the phase
transition is taken from the integral of heat capacity versus temperature. Likewise, the change in entropy is
estimated by dividing the enthalpy by the phase transition temperature.'® The change in enthalpy and
change in of the partially deuterated POSS entropy were within error of each other for both the endotherm
(5470 + 700 Jmol ™, 21.8 + 2 Jmol'K™") and the exotherm transitions (4580 + 700 Jmol™, 17.8 + 5 Jmol 'K
" (Table 1). The change in enthalpy (5000 + 700 Jmol ™) and change in entropy (20.2 + 5 Jmol 'K™") were
identical for both phase changes of the fully protonated POSS.

Solid-solid phase transitions are commonly marked by energetic transitions identified with
calorimetry.'®*! Typical values for plastic crystalline solids are a change in enthalpy of ~ 3000-6000 Jmol™
and a change in entropy of ~ 10-20 Jmol 'K, respectively.'®*' For instance previous, work by Jozkow, et.
al. found a first order solid-solid phase transition for plastically crystalline pyridinium (CsH,NH)BiCl,
identified by an endotherm at 119 K and an exotherm at 114 K . They found the change in entropy was 7.4
Jmol 'K, for both the observed endotherm and exotherm."’

Our results indicate that POSS undergoes a similar solid-solid phase transition with values
comparable to other plastically crystalline solids. The thermal hysteresis in the heating and cooling
transitions suggests the transition is first order.

1. Single Crystal X-ray Analysis
Since there is no change in the electron density between deuterated and fully protonated ethyl

POSS, we have solved the crystal structure of the partially deuterated ethyl POSS to represent the expected



crystallographic phase transition for this ethyl derivative. The characteristics of the crystalline domains for
each phase of the partially deuterated ethyl POSS are presented in Table 2. In the high temperature phase
the unit cell can be described by a highly symmetric rhombohedral unit cell and R-3 space group while in
the lower temperature phase it is best described by an asymmetric triclinic unit cell and P-1 space group. In
addition to the lower symmetry of the lower temperature phase there are contractions in both the unit cell
volume, from 2464.6 to 1503.58 + 0.05 A®, and a decrease in the number of molecules per each unit cell,
from 3 to 2 POSS molecules. This results in an 8% decrease in density from 1.3 gecm™ to 1.4 gem™.

Larsson and coworkers identified the n-propyl POSS phase transition at 272 K as a transition from
hexagonal unit cell and R-3 space group to a triclinic unit cell and P-1 space group.'* This increase in
crystallographic order was accompanied by a 10% decrease in density from 1.09 to 1.20 gem™. '

The transition of ethyl POSS from a rhombohedral to a triclinic (Table 2) crystal structure is
consistent with that observed by other researchers for n-propyl POSS. Furthermore, the data presented in
Table 2 suggests that the crystallographic phase transition lowers the symmetry of the three dimensional
molecular ordering. The contraction in the volume of the unit cell is consistent with a first order phase
transition observed with calorimetry. In comparison to the n-propyl POSS, ethyl POSS has a higher density
suggesting the smaller size of the ethyl substituent allows for a tighter packing in both phases. Nuclear
magnetic resonance was undertaken in order to elucidate the dynamic molecular behavior in each of these
crystallographic phases.

1II. Deuterium NMR Analysis
The static ’H NMR spectra, of the deuterated ethyl POSS at 298 K, 248 K and 243 K are shown in

Figure 3. At room temperature the splitting is 6 Hz and increases to 40 Hz at 248 K. There was no change
in the splitting of 40 Hz at 248 K down to our lowest experimentally accessible temperature of 203 K.

At a single orientation, the quadrupolar splitting (Av) depends on to the quadrupolar coupling
constant (eeQqg/h ~ 200kHz for C-D) and the angle (8) between the principle electronic field gradient,
oriented along the C-D bond, and the magnetic field (Eq 3)."

Eq 3. Av=3/2 (eeqQ/h)<(3cos’0-1)/2>
Averaging the angle (6) over all the C-D bonds in the molecule gives the order parameter (Eq 4).'

Eq 4. P, (cos(0))=<(3cos’0-1)/2>



The splitting occurs when P,(cos(0)) is nonzero, corresponding to a situation where the electronic field
gradient at the nucleus is not completely averaged to zero by molecular motions. Therefore, the order
parameter is a quantitative measure of the degree of orientation in the sample.

Furthermore, the symmetry of the motions is dictated by molecular symmetry. For highly
symmetric plastically crystalline compounds, such as adamantane (T4), a combination of rotations about the
C, axis is enough to produce a symmetric isotropic *H lineshape at room temperature.” However,
derivatives of adamantane, with a lower molecular symmetry, exhibit splitting in deuterium spectra at room
temperature.”

For our partially deuterated POSS, splitting is observed at all three temperatures with the
magnitude of the splitting corresponding to a change in order parameter of the C-D bond. Figure 5 indicates
an abrupt increase in the splitting from 6 Hz at 298 K to 40 Hz at 248 K. Thus, the increase in splitting (Eq
3) corresponds to greater than five-fold increase in the order parameter from 26x10~ at 298 K to 133x10™
at 243 K. As the temperature decreases fewer rotational states of POSS molecules are energetically
accessible, leading to an increase in the order parameter (Eq 4). Therefore, the larger splitting (40 kHz) at
lower temperatures indicates the molecules become more ordered and motions become increasingly
anisotropic. This abrupt transition in the order parameter is consistent with a first order phase transition.

If the ethyl POSS were fully deuterated it would have a higher order of symmetry (Oy) than
adamantane and therefore would be expected to have an isotropic deuterium lineshape at room temperature.
However, the deuterium insertion reaction instead created a mixture of partially deuterated products of
lower symmetry (Figure 1). This mixture of products, and therefore the lower molecular symmetries, most
likely caused an asymmetry (6 kHz) in the lineshape due to anisotropic reorientations of the molecules at
298 K.
1V. Proton NMR Analysis

In order to analyze the motions of both types of POSS molecules, proton NMR spectra were
acquired as a function of temperature. In all cases, the proton spectrum was broad and featureless;
however, the width of the spectrum varied. A representative set of static proton spectra for partially
deuterated and fully protonated ethyl POSS are presented in Figure 4 at three temperatures of 298, 248 and

243 K.



As seen in Figure 4, the linewidth increased with a decrease in temperature for both POSS
derivatives. However, the partially deuterated POSS has a consistently smaller linewidth compared to the
fully protonated POSS. A discontinuity, occurs at 258 + 2 K for the partially deuterated ethyl POSS and
253 + 2 K for the fully protonated ethyl POSS.

Changes in linewidth of proton spectra have previously been used to mark the phase transition of a
number of plastically crystalline solids."'*** Gutowsky and Pake found an abrupt increase in the static
proton linewidth of 1,1,1-trichloroethane as it passed through a phase transition temperature at 134 K.
They theorized that the proton spectrum linewidth is dependent on the frequency and type of motion of the
molecule, which in turn is a function of temperature and an energy barrier for motion. Thus, they derived
the following equation to relate the experimental linewidth to the underlying thermodynamic parameters
(Eq4).*

Eq 4: (8v)’= V+U-V3(2/) tan™" (0dv)/v;
The linewidth (8v) is related to the linewidth for a rigid lattice (U), the linewidth after completion of a
narrowing motion (V), a constant to correct for any inadequencies in the lineshape analysis (o), and the
reorientation frequency (vi=(2rt;)"). Therefore, the experimental linewidth (8v) describes the transition
between the motions of the rigid lattice (U) and motionally narrowing motions (V), limited by the thermal
energy and molecular symmetry. In terms of 1,1,1-trichloroethane, Gutowsky and Pake suggested the
change in linewidth would describe a transition between rigid molecules and a hindered rotation of the
methyl group. In order to link the experimental linewidth to the thermodynamic parameters, Bloomberg,
Pound and Purcell (BPP) theory, was used to relate the correlation time (t;) to the activation energy barrier
for the two different modes of motion experienced in each crystallographic phase (Eq 5)."**

Eq5: t;=1,exp (-E/RT)

This assumption of Arrhenius behavior suggests that the correlation time (t;) is dependent on a
characteristic correlation time (t,), activation energy (E,), temperature (T) and the molar gas constant (R).
Gutowsky and Pake’s theory gives an order of magnitude approximation for the characteristics of
molecular motions, specifically activation energies and correlation times. Therefore, these parameters are
rarely extracted from lineshape analysises; however, this formulation provides a theoretical framework for

qualitative observations. Specifically, the above equations (Eqgs 4 and 5) indicate the linewidth is



proportional to the correlation time and different correlation times would describe the molecular motions
on each side of the phase transition. Thus, an increase in linewidth is consistent with an increase in the
correlation time for molecular tumbling as the molecules become increasingly rigid when the temperature
is lowered.™

Using this theory, Andrew and Eades described the increase in static proton linewidth for benzene
at 100 K, as a decrease in molecular tumbling about its Cq axis of symmetry (t,).”> Andrew and Eades also
commented on the efficiency of proton NMR to measure the differences between intramolecular and
intermolecular dipolar communication of protons by comparing the linewidths of 1,3,5-partially deuterated
and fully protonated benzene. The strong dipolar couplings allow for all the protons on the crystal lattice to
communicate with each other prior to relaxation. Both intramolecular communication, between protons on
the same substituent, and intermolecular communication, between protons on different molecules, influence
the proton relaxations and linewidths. In plastic crystals, when the molecules undergo isotropic tumbling
the intermolecular interactions dominate the relaxation and when the molecule becomes more rigid the
intramolecular interactions dominate. Therefore, proton NMR is a behavior averaged by both
intramolecular and intermolecular communication, where the observation is skewed depending on the
degree of mobility in the crystal. The differences in linewidth between the two benzene derivatives gave a
quantitative determination of the amount of intramolecular communication disrupted by the presence of the
deuterium atoms. Qualitatively, they found that deuterated benzene had a consistently smaller linewidth
than fully protonated benzene due to the decreased intramolecular dipolar interactions caused by the
presence of the intermittent deuterium isotope.”

Gutowsky and Pake’s theory gives the correct functional dependence to describe the ethyl POSS
data represented in Figure 5. Because of Eq 4 and 5, the experimental linewidth for the POSS crystals was
graphed as a function of temperature. The abrupt transition observed at 258 K for deuterated ethyl POSS
and 253 K for fully protonated ethyl POSS, indicate that different molecular motions, at the kilohertz
frequency, dictate the linewidth prior to and after the transition. Furthermore, the increase in linewidth at
low temperatures suggests molecular motions are hindered and are described by a longer correlation time

past the transition point.



It should be noted that while '"H NMR allows for a direct comparison between the two POSS
derivatives, it is not the ideal choice for studying the molecular motions of phase transitions due to the
extensive dipolar communication between protons. If the ethyl POSS product had been cleanly deuterated
the same quantitative analysis used by Andrew and Eades” could have been performed on the POSS
samples. However, our data provides the same qualitative observation that was observed for benzene. In
Figure 4 and Figure 5, we observed a consistently smaller linewidth for the partially deuterated ethyl POSS.
This difference between the ethyl derivatives implies the intermittent deuterium isotope decreases
intracommunication between protons. Therefore, the fully protonated ethyl POSS is measurably
influenced by intramolecular interactions.

These changes in molecular motions can be further characterized with the proton T, spin-lattice
relaxation time constant, which is a sensitive measure of molecular reorientations occurring at the Larmor
frequency, 270 MHz. Figures 8 and 9 are the Arrhenius plots of the In T, versus the inverse of temperature
for the POSS molecules. For the fully protonated POSS there is a discontinuity in the graph at 253 K and
for the partially deuterated POSS at 258 K. For both POSS molecules the activation energy for the low
temperature region is higher than that of the high temperature region.

Using the dipolar part of the spectral density formula, the T, time constant is on the Larmor
frequency for the 'H isotope (=270 MHz) and the correlation time (t;) for molecular motion."

Eq 6: 1/T, = C{t/(tfo*+1)+ 4t/(41 0 +1)}
Applying Bloomberg, Pound, and Purcell theory, inserting Eq 5 into Eq 6, suggests a plot of T, versus the
inverse of temperature will have a minimum.'** This theory is only applicable to materials in which a
single correlation time (t;) dictates the spin-lattice relaxation for the entire experimental temperature range.
This is often not the case for solids in which a phase transition occurs in the temperature range causing
different motions to dominate the relaxation in each phase.

It has been well documented for numerous solids that, when a phase transition occurs over the
experimental temperature range a minimum will not be observed."”™'® Instead, as the molecular motions
decrease with a decrease in temperature, there is a discontinuity in the graph at the transition temperature.
For example, Resing, et. al. found that the T, time constants from static proton NMR of adamantane has a

discontinuity in the graph at 209 K where the crystallographic phase transition occurs. At temperatures



above the transition, it is suggested that adamantane rotates freely about a Cg axis of symmetry, described
by a short correlation time and after the transition this motion is energetically less accessible, described by
a longer correlation time."°

The discontinuities, observed in Figure 6 and 7, indicate that different molecular motions of POSS
dictate the relaxation of the nuclear spins prior to and after the phase transition. In addition, that transition
to rigid mobility occurs at a higher temperature (258 + 2 K ) for the partially deuterated sample compared
to the fully protonated sample (253 £ 2 K). Due to the scrambling of deuterated products it is difficult to
conclude whether the increase in the transition temperature is the result of the heavier isotope or the
identified asymmetry of the molecular structures. It is plausible that the increased mass of the deuterium
labels increases the moment of inertia for the molecules decreasing the molecular tumbling in the high
temperature phase. This decreased mobility would require less thermal energy to be removed in order for
the molecules to become completely rigid. It is equally likely that due to the scrambling of the deuterated
products, on average, the asymmetry in the POSS molecules excludes certain modes of motion; therefore,
decreasing the mobility in the high temperature phase and increasing the temperature at which the molecule
becomes completely rigid.

The characteristic correlation time and the activation energy for the molecular motions can be
determined assuming BPP theory. When the temperature was decreased from 298 to 243 K, the
characteristic correlation time (t,) increased from 28 £ 2 ns to 530 + 15 ns and from 32 + 2 ns to 520 £ 15
ns, for the partially deuterated and fully protonated POSS, respectively (Table 2). For both the fully
protonated and partially deuterated ethyl POSS, the activation energy for molecular tumbling is lower at
temperatures above the transition (Ea~ 16 £ 2 kJ/mol) than below (Ea~ 20 + 2 kJ/mol) (Table 2).

Simulations of the molecular motions of POSS performed by Capaldi, et. al. determined the
correlation time for isotropic molecular tumbling of a single cyclopentyl POSS molecule in a vacuum. The
time scale with this random, isotropic tumbling of the POSS molecule around its C, axis of symmetry was
5 ns. The isotropic rotation of the cyclopentyl groups had a correlation time of 120 ps.?* In addition, the
activation energy, found for adamantane, where NMR has been shown to be sensitive to changes in the

ability of the molecule to tumble around their Cq axis, was ~ 22 kJ/mol.!



Therefore, the activation energy and correlation times extracted from the spin-lattice relaxation
data for our ethyl POSS, as presented in Table 3, are consistent with a more restricted tumbling of the
POSS molecule around its C, axis of symmetry. However the difference in the transition temperature
suggests a difference in the degree of molecular mobility in the high temperature phase of each derivative.
Therefore, the similarity in the correlation times and activation energies between the two derivatives is
unexpected. It is possible that for both POSS derivatives the dipolar coupling allows the intermolecular
interactions of the protons to dominate the relaxations on both sides of the transition temperature. This
intermolecular communication between POSS molecules on the lattice may mask the differences in the
intramolecular interactions caused by molecular tumbling. In fact, the dipolar communication could cause
an average behavior of the intermolecular and intramolecular interactions to be observed. Therefore,
despite the fact that the values of the activation energy and correlation times mimic C, rotations caution
needs to be taken when interpreting these experiments.

Despite the ambiguity in the interpretation of the absolute value of the correlation time and
activation energy, it can be stated that both POSS molecules undergo a phase transition marked by abrupt
changes in molecular motions. Furthermore, this overall increase in activation energy and correlation times
with decreased temperature is consistent with restricted molecular mobility in the low temperature phase
due to a lower thermal energy.

Conclusions

Phase transitions occur in ethyl POSS molecules and have been identified using calorimetry, x-ray
crystallography and various NMR experiments. The transition points observed with calorimetry are
identical to those observed with NMR. The high temperature phase was identified as rhombohedral and the
low temperature phase was triclinic. The behavior observed with calorimetry, x-ray crystallography and
NMR are typical to those of plastic crystals. The temperature of the phase transition was tuned by
isotopically labeling the substituents on the POSS molecule. At higher temperatures, the molecular
reorientations are rapid and for deuterated POSS slightly anisotropic. After the transition, and at lower
temperatures, the molecular reorientations are slower and for deuterated POSS increasingly anisotropic.
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Figure 1. Molecular structure of ethyl POSS

A. Partially Deuterated Ethyl POSS

R= CHD-CH1_14D1,8()

B. Fully Protonated Ethyl POSS

R= CH,-CH;
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Figure 2. Differebntial scanning calorimetry measurements of partially deuterated and fully protonated

ethyl POSS
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Table 1: Characterisitcs of the phase tranistion and phase behavior of ethyl substiuted POSS extracted
from DSC

Transition AH AS
Temperature (K) (Jmol™) (Jmol'K™)
Substituent* *2K) (500 Jmol™) (2 Jmol' K™)
CHDCH,D Texo =257 4580 17.8
Tendo= 251 5470 21.8
CH,CH; Texo = 254 5000 20.2
Tendo = 247 5000 20.2

* H stands for 'H and D stands for “H isotope



Table 2.

Crystallographic characteristics of each phase of the partially deuterated ethyl POSS

Cell Characteristics Phase 1 Phase 11
290£2K 1102 K
Crystal System Rhombohedral Triclinic
a(A) 13.998 + 0.002 9.7005 £ 0.0007
b (A) 13.998 + 0.002 12.1558 + 0.0009
c(A) 14.53 £ 0.02 13.0907 + 0.0010
a(°) 90 87.850 + 0.002
B (°) 90 88.024 + 0.002
v () 120 77.187 £ 0.002
Z (molecules/cell) 3 2
Volume (A°) 2464.6 1503.58
Density (gem™) 1.3 1.4
Possible Space Groups R-3 P-1




Figure 3. Solid-state deuterium NMR spectra for partially deuterated ethyl substituted POSS as a function
of temperature
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Figure 4. Solid-state static 'H spectra of fully protonated and partially deuterated ethyl POSS as a function

of temperature
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Figure 5. Solid-state 'H linewidth as a function of temperature for fully protonated and partially deuterated
ethyl substituted POSS
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Figure 6. Solid-state 'H spin-lattice relaxation time constants (T;) as a function of temperature for fully
protonated ethyl substituted POSS
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Figure 7. Solid-state 'H spin-lattice relaxation time constants (T;) as a function of temperature for partially
deuterated ethyl substituted POSS
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Table 3: Characterisitcs of the phase tranistion and phase behavior of ethyl substiuted POSS from NMR

Transition Ea (kJ/mol) Ea (kJ/mol) T, T
Temperature in Phase I Phase 11 Phase I Phase I1
Substituent* NMR (K) (high temperature) (low (25°C) (ns) | (-30 °C) (ns)
*2K) (£ 2.0 kJ/mol) temperature) (T) (Ty)
(£ 2.0 kJ/mol) (£2 ns) (£ 15 ns)
CHDCH,D 258 15.0 18.3 28 530
(T~ 5s) (T~ 2s)
CH,CH; 253 15.6 20.0 32 520
(T~ 3s) (T1~2s)

* H stands for 'H and D stands for “H isotope






